Oral processing has become an important area of research in sensory and nutrition studies. Mastication process not only determines the dynamics of flavour release and texture perception but also affects the bioavailability of nutrients. Oral processing of bread is of particular interest because of the need to reduce its glycaemic potential while keeping its desired soft and aerated texture. Bread structure determines its mechanical strength and deformation behaviour which in turn decides people's texture perception and swallowing thresholds. The strong interconnection between food structure and its resistance to breakdown is the rationale behind designing bread to control bread digestion, starting from the oral phase. The present review summarises the characterisation and formation of bread structure, its interlink with bread mechanical behaviour and destruction during human oral processing. Future research should further elucidate the structure-mechanics-digestion interlink by implementing relevant mechanical analyses and micromechanical modelling.
Introduction
Among all the bakery products, bread is of particular interest for today's food industry due to its indispensable role as a staple food across the world. Worldwide, breads are diverse in their ingredients, processing conditions and appearance (Zhou et al., 2014) . For example, UK sandwich bread has a fine crumb cell structure; French baguette is featured with a highly aerated crumb and a crispy crust; the Middle East flatbread has a dense crumb; and Chinese steamed bread has a soft and moist skin. Despite the great variations in bread types, their structures are generally described as a cellular solid. More specifically, breadcrumb is an open-cell foam consisting of highly connected pores (Scanlon & Zghal, 2001) .
Being a cellular solid, bread is analogue to synthetic foams in many ways. Their mechanical properties are the results of a subtle interplay between the intrinsic material behaviour of the underlying solids and the complex microstructure resulting from processing conditions. Theoretically, one can design a cellular solid with needed mechanical characteristics by selecting an appropriate combination of constitutive materials, processing conditions and microstructure (Avalle et al., 2007) . In the case of bread making, control of processing conditions has been proved to be an effective way in manipulating the structure formation (Besbes et al., 2013; Gao et al., 2017a,c) .
Oral processing is the first stage of digestion where food is chewed down and mixed with saliva to form a swallowable bolus. Bread mechanical and geometrical properties strongly dominate its manner of deformation and fracture during oral processing (Panouill e et al., 2014; Gao et al., 2015; Jourdren et al., 2016) . Hydration kinetics and saliva absorption also vary according to the breadcrumb structure (Mathieu et al., 2016) . Therefore, understanding the relationship between the mechanical behaviour of breadcrumb and its hydration is a prerequisite for the rational design of bread with acceptable and expected eating properties.
Physiological aspects of oral processing have been comprehensively reviewed (Chen, 2009 ) and its relation with texture perception and oral tribology has been extensively addressed (Stokes et al., 2013; Foegeding et al., 2015; Devezeaux de Lavergne et al., 2017) . Different from previous reviews, the present article focuses on bread mechanical characteristic, which is an important but frequently overlooked functional property that links food structure with oral processing. Specifically, this article aims to provide a systematic literature review on three connected themes: (i) structural characteristics of bread, (ii) relationship between the structural and mechanical behaviour of bread products, and (iii) the impact of bread structure on oral processing. This review intends to provoke more attention on the fundamental understanding of the structure-property relationship of bread, and its effect on oral digestion of bread. This should be of specific interest for food scientists who are developing personalised bakery products catered for people with special needs, such as older people with reduced mastication capability.
Bread structure

Instrumental characterisation of bread structure
Thanks to the advances made in the medical field, the internal microarchitecture of cellular solids could be revealed in three dimensions (3D) with high resolution (3-5 lm) in a noninvasive and nondestructive way using X-ray microtomography (l-CT; Stock, 2008) . It works by collecting a series of two-dimensional (2D) radiographs from multiple viewing angles of the sample when it is rotated around a single axis (Falcone et al., 2006) . The information on the spatial distribution of materials of different densities is determined based on the mapping of linear attenuation coefficient of X-rays passing through the sample (Baruchel et al., 2000) . Internal 3D structure is reconstructed using volume rendering, and morphological descriptors are extracted using mathematical algorithms implemented in specialised image analysis software (e.g. CTan, Avizo, Imaris) and toolboxes (e.g. Pore3D (Brun et al., 2010) and Blob3D (Mote et al., 2010) ). 'Inclusion/matrix morphologies' is normally applied to quantify closed cell foams while '3D granulometry' is specially designed for characterising the interconnected pore network of open-cell foams, such as breadcrumb, based on the sequential erosion/dilation operations (Al-Ostaz et al., 2007; Lassoued et al., 2007) . There are extensive reviews of quantitative l-CT in the literature (Maire & Withers, 2014; Schoeman et al., 2016) , and details of the calculation are beyond the scope of this review.
In the past few years, l-CT has been proven to be particularly suitable for 3D investigation of the cellular bakery products, including not only various types of bread (Wang et al., 2011; Altamirano-Fortoul et al., 2012; Pentik€ ainen et al., 2014; Gao et al., 2015) , but also biscuit (Yang et al., 2012) and cake (Sozer et al., 2011; Tan et al., 2016) due to the high contrast between air void and solid phase. Moreover, l-CT is ideal for following a structural development of bread over time due to its nondestructive nature. It has been applied in dynamic studies of structural changes such as the expansion of bread dough during proofing and baking (Babin et al., 2006; Turbin-Orger et al., 2012; Besbes et al., 2013; Lampignano et al., 2013) . Knowledge of bread's 3D structure would allow a better understanding of the hydration mechanism of the bread in relation to its porous microstructure (Mathieu et al., 2016) , which is critical for both oral processing and digestion process.
Characteristics of bread structure
Bread is a solid food foam because of the inclusion of gas in their solid matrix due to either yeast fermentation or chemical leavening agents (Zhou et al., 2014) . The cells of a cellular solid could be visualised as a polyhedral filling space: the solid struts form the edges and the plates form the faces of cells (Gibson & Ashby, 1997) . The cell voids are characterised by both average cell size and the distribution of cell size; the solid edges and faces are characterised by the average thickness of cell wall, the thickness distribution of cell wall and surface area per unit volume (Falcone et al., 2006) . The distribution and shape of pores are normally anisotropic in nature, which makes porosity alone not enough to describe their structure. Quantitative information about the cellular architecture, particularly the size and geometry of pores, as well as their spatial distribution and interconnections, is essential to identify the effect of processing conditions on product quality and how they can be controlled to develop bread with specific mechanical and textural properties. Table 1 lists definition and typical values of the commonly reported structural descriptors of bread and other bakery products, while other useful parameters that were originally derived to characterise the structure of trabecular bone can be calculated for bread as well, including anisotropy (Lim & Barigou, 2004; Falcone et al., 2005) , fragmentation index (Lim & Barigou, 2004; Mastromatteo et al., 2013) , structure modelling index (Hildebrand & R€ uegsegger, 1997; Mastromatteo et al., 2013) and tortuosity (Besbes et al., 2013) . Their definitions, implications and reported values for bread samples are summarised in Table 2 . Considering the anisotropic nature of bread structure, a nonparametric statistical model was proposed to determine the representative area element of breadcrumb (Ram ırez & Aguilera, 2011) . More extensively, a stitching technique was developed to provide a continuous overview of a whole bread slice (Van Dyck et al., 2014) . The combination of l-CT and statistical analysis was shown to be able to classify and identify different types of bread (Cafarelli et al., 2014) .
Impact of processing on bread structure
The structure of bread is formed through various steps of its making process, among which those related to aeration are particularly important. The morphology of the final breadcrumb is determined by several dough preparation steps: mixing (gluten development and gas nuclei inclusion), moulding (redistribution of bubbles), fermentation (inflation of bubbles) and baking (expansion and coalescence of bubbles; Zhou & Hui, 2014 ). An optimally developed piece of bread dough contains a continuous and interconnected gluten matrix which is indispensable for its growth and retention of gas produced by yeast fermentation during proofing and oven spring. The amount of energy input during the mixing step, controlled by varying mixing intensity and/or duration, determines the formation of gluten structure in dough (Cauvain, 2007) . Headspace pressure directly determines aeration level and the size and distribution of gas bubbles in dough and bread (Campbell & Martin, 2012) . Positive pressure is applied when an open-cell structure is desirable, and partial vacuum is used when a compact and uniform structure is required (Cauvain & Young, 2006) .
Fermentation is another key process of bread production, during which the yeast activity and proofing time determine the amount of gas produced and the level of dough expansion (Peighambardoust et al., 2010) . Thermal setting conditions, including oven temperature, humidity and baking time, strongly influence the development of all bread quality attributes (Hadiyanto et al., 2007) . Bread baked at higher temperature (240°C) was more porous than bread baked at lower temperature (220°C; Besbes et al., 2013) . Microwave baking, which has been explored as a new method in baking, was shown to produce bread with a more porous structure due to the generation of high internal heat which causes the puffing effect (Demirkesen et al., 2013) .
It has been clearly shown that the formation of a porous structure in bread is closely related to processing conditions, but the knowledge of causal relationship between processing parameters and the corresponding cellular structure is yet to be established. The challenges for acquiring such information lie in the difficulty in following the progressive changes of the internal structure. Nevertheless, there have been an increasing number of studies trying to provide such insights with the aid of advanced dynamic imaging techniques. Ivorra et al. (2014) demonstrated that a 3D vision system based on structured light could be used to continuously monitor bread dough fermentation and predict the fermentation capacity of wheat flour according to their fermentation behaviour. Turbin-Orger et al. (2012) used in situ l-CT to follow the growth of bubbles in dough during fermentation. The evolution of dough porosity and connectivity had sigmoid shapes, and most bubbles were only separated by films of thickness less than 5 mm at the end of proofing. Furthermore, l-CT performed on laminated dough during proofing showed that dough shaping led to more homogeneous cellular structure (Sandoval et al., 2017) .
Mechanical behaviour of breadcrumb
Mechanical responses of bread against deformation have been studied using both empirical and fundamental analysis methods. Texture profile analysis (TPA) is the most well-known empirical test with a long history of use in the food industry (Szczesniak, 1963; Bourne et al., 1966) . This double compression test was designed to imitate the mastication process, and the resulted hardness, springiness, cohesiveness and chewiness showed a good correlation with sensory analysis (Chen & Opara, 2013) . Even though the TPA test provides valuable information to control the handling process of bread and predict its textural properties during chewing, it is less helpful to establishing the structure-property relationship due to the lack of welldefined physical parameters, which could only be obtained through fundamental analyses. Among all fundamental analyses of breadcrumb, compression is the most extensively used test. Bread belongs to the category of elastomeric open-cell foam based on its quasi-static compressive behaviour. Its stress-strain curve consists of three regimes: (i) a linear elastic regime governed by elastic compression of cell strut; (ii) a long plateau phase, where the cells collapse due to cell wall yielding; and (iii) a densification stage, where the cell walls are compressed (Gibson & Ashby, 1997) . Moussawi et al. (2014) captured the structural changes of bread under compression by coupling a mechanical test bench with l-CT, and the local heterogeneities of deformation were analysed using a digital volume correlation (DVC) method. The minimum compressive deformation required to induce observable structural changes in bread was reported to be 0.5% (Moussawi et al., 2014 ). Young's modulus (Lim & Barigou, 2004) Mean intercept length and eigenanalysis 0 = total isotropy White pan bread 0.479 to 0.524 (Falcone et al., 2005) Baked bun bread 0.267 (Gao et al., 2015 ) 1 = total anisotropy Steamed bread 0.328 (Gao et al., 2015) Baguette 0.275 (Gao et al., 2015) Crispy bread 0.25 to 0.45 (Gondek et al., 2006) 
Index of the connectivity of the cells, based on the relative convexity and concavity of the total surface (Hahn et al., 1992) FI ¼ P1 ÀP2 A1 ÀA2 P 1 and P 2 are the solid perimeter before and after dilation; A 1 and A 2 are the solid surface area before and after dilation Low and negative FI: presence of 'nodes', connected matrix Durum wheat bread À0.003 to 0.002 Higher and positive FI: presence of 'struts', disconnected matrix Durum wheat bread 0.001 to 0.003 (Danza et al., 2014) Structure modelling index (SMI) Estimation of characteristic shape of a structure in terms of plates and cylinders composing the 3D structure (Hildebrand & R€ uegsegger, 1997 ) The ratio of the length of the path between two points in the porous phase over the Euclidean distance s ¼
Lactual LEuclidean
Higher tortuosity value, more tortuous the pore matrix is Baked bread 1.17 to 1.61 (Besbes et al., 2013) Baked bread 1.07 (Lagrain et al., 2012) characterises breadcrumb behaviour within linear elastic region, which is normally up to a strain of 5% for elastomeric foams under simple compression (Maiti et al., 1984) . Further compression leads to the transition from linear to plateau and from plateau to densification, which are characterised by the critical stress and the densification strain, respectively. Definition of these mechanical descriptors and reported values for breadcrumb are listed in Table 3 . Besides compression, other fundamental analyses of the mechanical behaviour of bread include indentation (Liu & Scanlon, 2003) , tension (Nussinovitch et al., 1990; Scanlon et al., 2000; Zghal et al., 2002) and dynamic mechanical analyses (Persaud et al., 1990; Davidou et al., 1996) . Two precautions need to be considered when characterising mechanical properties of bread to understand their impact on human oral processing: (i) the anisotropic nature of bread; and (ii) whether the testing conditions are relevant to oral processing conditions. The anisotropic nature can be resolved by taking samples from multiple locations and exerting deformation force along different directions of specimen (Persaud et al., 1990) . On the other hand, research on developing mechanical tests that simulate the deformation experienced by food within the oral cavity during mastication is an ongoing topic.
Structural-mechanical behaviour relationship: Micromechanical modelling
In the field of material science, micromechanical modelling has extensively been used to study the mechanical behaviour of cellular solids based on their structure (Gibson, 1989; Avalle et al., 2007) . Similar approach has been employed in the study of cereal products to deepen the understanding of food sensory properties in relation to their structure . Mechanical models could be classified based on their coverage of deformation levels (small vs. large), empirical-or analytical-based, continuum-or particle-type, and whether applying multiscale modelling (Table 4) . To study the small-strain deformation of bread, isotropic and perfect elastic behaviour are usually assumed as the constitutive behaviour and scaling law was proposed by Gibson & Ashby (1997) . Continuum-type constitutive models treat the matrix as a macroscopic unit carrying the effective properties without concerning about the complexity of detailed pore structure . Multiscale models consist of interconnected submodels which cover the material properties at different spatial scales and homogenisation approach is often used which allows the local deformation simulated at small scale to be coupled with apparent mechanical behaviour obtained from experimental characterisation (Smit et al., 1998; Kouznetsova et al., 2001; Ho et al., 2013) .
Scaling law
Scaling law is the early semi-empirical model used to predict the impact of porosity on mechanical properties of cellular solids by applying beam theory to the idealised structure made up by repetitive unit cells. The deformation of an open-cell foam under uniaxial compression is controlled by the bending of the struts of unit cells (Gibson & Ashby, 1997) . Relative density, defined as the ratio between the density of the cellular solid and the density of the solid phase (q*/q s ), is the single most important structural descriptor in this model. Mechanical properties are predicted based on the relative density using a generic form of the scaling law:
where C is a geometric constant and n depends on the deformation mode of the struts (Brezny & Green, 1990) . The relative density was reported to be 0.18-0.34 (Babin et al., 2005) and 0.194-0.198 (Scanlon et al., 2000) for normal baked bread and 0.244 for gluten-free bread (Keetels et al., 1996) . These values of relative density were corresponding to the high porosity of 70-90% of bread products in general. The relationship has been used to predict Young's modulus of breadcrumb under compression and tension from its cellular solid properties and relative density (Zghal et al., 2002; Babin et al., 2005) . The fitting parameters, that is exponent n and constant C, of bread samples deviated from their theoretical values derived based on a periodic cellular model. Breadcrumb was proven to be between open and closed foams, with C of 1 and n of 1.6 and 0.98-1.75 for Young's modulus under compression and tension, respectively (Zghal et al., 2002; Babin et al., 2005) .
Finite element method (FEM)
Different from scaling law, FEM predicts the mechanical behaviour of bread based on the accurate knowledge of 3D structure obtained from a l-CT analysis. The FEM works by discretising a representative elementary volume into elements with fixed number of nodes that are connected in a single solution filed through local interpolation functions (Avalle et al., 2007) . The general steps of constructing a FEM model include (i) constructing the geometry and meshing, (ii) incorporating the material properties, (iii) numerical approximation of stress distribution within the solution domain, and (iv) subjecting the model to a virtual mechanical test. The steps described above have been discussed in detail in several reviews and thus will not be covered in this review Chen & Opara, 2013) . (Hibberd & Parker, 1985) 15-mm-thick bread slab 2 The strain at the last local minimum before stress rises steeply (Vural & Ravichandran, 2003) 3 The strain at which the slope of the tangent is equal to that of the elastic regime (Chan & Xie, 2003) Reported studies Cylindrical white bread The geometry models of bread used for FEM analysis were constructed using either a voxel-element conversion scheme (Guessasma & Nouri, 2015) or a combination of marching cubic algorithm and tetrahedral meshing (Babin et al., 2005) . The FEM is the most widely applied numerical procedure in solid mechanics and has been used to construct material deformation models for bread as it allows the user to investigate the effects of structural imperfections, especially the nonuniformity of cell size, cell wall and missing cells, on the mechanical behaviour of the products (Liu & Scanlon, 2002) . To do so, at least 3-4 elements are recommended to be used over the thickness of the cell wall (Wismans et al., 2010) .
Studies have been reported on the prediction of Young's modulus and critical stress of breadcrumb under indentation (Liu & Scanlon, 2003 ) and Young's modulus under uniaxial compression (Babin et al., 2005) using the FEM. It has also been used to study the dynamic propagation of cracks and fragmentation of brittle cereal solid under high strain rate and large deformation, including biscuit (Saleem et al., 2005) , extruded starch (Hedjazi et al., 2011) , breakfast cereal (Guessasma & Hedjazi, 2012; Mamlouk & Guessasma, 2013) and confectionery wafer (Mohammed et al., 2014) . However, application of the FEM in large deformation of soft and ductile breadcrumb is scarce. Only one recent study reported the use of the FEM to assess the mechanical anisotropy induced by severe compression of bread and it was found that determination of strain field based on small incremental changes is not suitable for large deformation (Guessasma & Nouri, 2015) . The FEM has limited applications in large deformation range due to difficulties to map state variables from an old mesh to a new mesh (Li & Liu, 2002) .
Meshless particle models
Meshless models discretise material mass into noninterconnected material points whose own properties evolve with time and can be adaptively added and removed (Chen & Belytschko, 2015) . Hence, they overcome the problem encountered by the FEM in simulating large deformation with moving boundary and changing geometry. There are various approaches in the meshless particle models. Discrete element method was applied to simulate the fragmentation behaviour of breakfast cereal under large-strain compression until densification (Hedjazi et al., 2014) . Smooth particle hydrodynamics was used to develop a biomechanical (Brydon et al., 2005) chewing model for the oral breakdown of agar model food that presented brittle elastic foods (Harrison et al., 2014) . Information on the mechanical properties of agar gel obtained from bench experiments and information on mandibular movement were incorporated into the model, and occlusal force and spatialtemporal distribution of stress and fracture damage within the gel were predicted (Harrison et al., 2014) .
Virtual bread
Besides using realistic structural models obtained from l-CT analysis, virtual structures were numerically generated and subjected to the FEM analysis, which makes it possible to isolate the impact of specific structural features and to predict the mechanical behaviour of bread products before physically making them. Random sequential addition method was applied to relate Young's modulus to various levels of relative density and void overlapping of starch foam (Guessasma et al., 2008) . Weibull probability distribution and stochastic probability theory were used to create digital breadcrumb with required close pore distribution and porosity, respectively (Wang et al., 2013) . Knowledge of the effect of individual and combined structural features based on virtual structure could be valuable as a blueprint to guide the creation of bread products with prescribed mechanical properties.
Oral processing of bread
Bread destruction during mastication
The classical model of oral processing projected the progressive changes of food into the 'Degree of structure' and the 'Degree of lubrication' (Hutchings & Lillford, 1988) . In order to be safely swallowed, food must be orally processed to cross a threshold of structure and lubrication. Disintegration of bread structure has been quantified by collecting boluses at various stages of chewing, either after a specific chewing time (Panouill e et al., 2014) or specific number of chewing cycles (Le Bleis et al., 2013; Tournier et al., 2014; Gao et al., 2017b) . The level of lubrication was characterised by either moisture content (Panouill e et al., 2014) or saliva impregnation level (Tournier et al., 2014; Gao et al., 2015; Joubert et al., 2017) . Besides saliva impregnation and particle size distribution, bread boluses were also characterised for its texture using back extrusion rigs (Gao et al., 2015 (Gao et al., , 2017b and rheometers (Le Bleis et al., 2013) . The heterogeneity of bread bolus was characterised using the grey-level co-occurrence matrix (GLCM) method (Tournier et al., 2012 (Tournier et al., , 2014 . Reported bolus characteristics of bread at the swallowing point are summarised in Table 5 .
Quantification of particle size was the biggest challenge in characterising bread bolus. Conventional method of particle size analysis, the sieving method, requires a washing step to separate the particles and then pass them through a stack of sieves (Peyron et al., 2011) . It works well for rigid food particles that do not absorb water such as carrot and nuts (Jalabert-Malbos et al., 2007), but is not suitable for soft and ductile foods such as bread, which can easily absorb water during the washing step and become prone to disintegration during the sieving step. Moreover, the sieving method has limited accuracy due to the limited number of sieves that can be used. Combination of two relatively new methods, that is image analysis and laser diffraction, has been shown to provide better accuracy in the quantification of particle sizes (Gao et al., 2015) . The former is suitable for large-particle analysis while the latter accurately measures small particles. A partial drying step is required to allow an easy separation of the small and large particles and increase their resistance against disintegration during analysis. The reported median area of large particles and diameter of small particles were 8 mm 2 and 0.12 mm, respectively (Gao et al., 2015) . The breakdown of food during mastication was firstly modelled using selection and breakage functions by Lucas & Luke (1983a,b) and was further improved later (Voon et al., 1986; Van Der Bilt et al., 1992; Baragar et al., 1996) . The selection function predicts the probability of the food material to be placed between the teeth and be fractured while the breakage function predicts the particle size resulting from fragmentation. Theoretically, both functions could be deduced from the analysis of particle size distribution of the food after each chew (Voon et al., 1986) . The selection function has been found to be largely determined by the external characteristics of food particles (e.g. volume, size, surface shape and stickiness) while the breakage function is greatly influenced by the mechanical strength of the particles against deformation and the tooth shape (Voon et al., 1986) . Detailed description of the models may be found in the review of Bornhorst & Singh (2012) while its application to bread has not been reported yet. The original model was developed based on the studies of carrot (Lucas & Luke, 1983a) and artificial food (van der Bilt et al., 1987) which are not cohesive. In the case of bread, the agglomeration of particles during comminution is critical for the formation of cohesive bolus and must be taken into consideration. Knowledge obtained from the milling studies could serve as a valuable reference (Fadda et al., 2009; Kwon et al., 2012) . Furthermore, more modifications would be necessary for its application to ductile and soft bread as the original model was derived based on brittle food for which crack propagation was the major mode of deformation (Lucas & Luke, 1984) .
Bread structure modulates human oral processing behaviour
During the chewing process of solid and semi-solid food, individual's mastication behaviour and sensory perception evolve alongside the progressive changes in the physical properties of the food. This makes oral processing a complex process that simultaneously involves food-related (composition, structure, physiochemical properties, etc.), physiological (age, gender, dentition, salivation, etc.) and behavioural (food preference, eating behaviour, etc.) factors (Chen, 2015; Mishellany et al., 2006; Peyron et al., 2004) . The overall masticatory parameters are adjusted by the central nervous system according to the state of the food which is monitored by tactile and kinaesthetic receptors in the oral cavity throughout the eating process (Lund, 1991) . The masticatory rhythm is generated by the brain stem central pattern generator (CGP) and the masticatory forces are regulated bite-to-bite by a precise peripheral feedback control in response to the changes of bolus consistency (Lund, 1991) . The swallowing point is gauged by the CGP to decide whether the bolus is safe for swallowing and whether the swallowing should be initiated (Chen, 2009) .
There are extensive studies on the oral processing behaviour of bread (Kohyama & Mioche, 2004; Pentik€ ainen et al., 2014; Gao et al., 2015 Gao et al., , 2017b . The chewing force was significantly impacted by the initial textural profiles of bread (Chang & Chen, 2013) . Specifically, the most important factors in determining the mastication of bread were the crust portion of baked bread, that is thick and dry crust significantly increased the chewing time and muscular activities Gao et al., 2017b) . In the absence of bread crust, bread porosity and pore size distribution determine the oral processing behaviour. Interestingly, the most porous and the softest baguette crumb required the grater chewing effort than the denser and harder crumb of baked bread and steamed bread (Gao et al., 2015) . This result highlights the misalignment of traditional TPA analysis and human oral processing. The compressive force used in the standard TPA analysis may not properly simulate the deformation force experienced during chewing. Shearing and tearing actions also play a significant role in • 103°C for 24 h (Panouill e et al., 2014) • 130°C for 2 h (Le Bleis et al., 2013) • 105°C for 24 h (Gao et al., 2015) 63 g water per g wheat bread bolus (Panouill e et al., 2014) 58.5 g water per g white bread bolus (Le Bleis et al., 2013) 61-63 g water per g wheat bread bolus (Gao et al., 2015) Saliva impregnation Saliva% = water content of bolus -moisture content of bread (Pentik€ ainen et al., 2014; Tournier et al., 2014; Gao et al., 2015) 0.59-0.79 g saliva per g white bread and baguette bolus (Gao et al., 2015) (Gao et al., 2015) Ln (peak area (10 À3 N.s)) = 7.7-8.0 for bread bolus (Gao et al., 2015) Capillary rheometry (Le Bleis et al., 2013) Flow behaviour index (n) = 0.05-0.03 for bread bolus (Le Bleis et al., 2013) Consistency coefficient (K) = 0.9-1.0 Pa.s n for bread bolus (Le Bleis et al., 2013) mastication (Chen, 2015) . In addition, the mechanical behaviours of food are greatly dependent on the loading conditions. Hence, choosing a physiologically relevant texture analysis method is paramount to the successful application of instrumental analysis as an indicator for texture perception.
Relating mechanical behaviour to oral processing
To link bread structure with human oral processing, relevant mechanical tests need to be implemented. It is noted that the properties of small-strain deformations of breadcrumb are well characterised while its largestrain deformations have been rarely studied, despite the fact that large-strain deformation is more relevant to bread deformation during mastication. Information regarding the densification regime of breadcrumb was only reported in one study which followed the contraction of cells and deformation of cell walls under a severe deformation up to 89% reduction in height (Guessasma & Nouri, 2015) . The major changes in bread structure were reported to be at 6% and 60% compression levels which were related to cell collapse and densification stages, respectively (Guessasma & Nouri, 2015) . In addition, more information of oral processing conditions is required. The basic considerations of mechanical deformation, including deformation mode, force, strain and strain rate, shall mimic human mastication. The deformation force exerted by the incisors and molars under a single chew was measured using cantilever beam mounted with two strain gauges forming a half-bridge circuit or using multiple-point sheet sensor, respectively (Xu et al., 2008; Takahashi et al., 2009) . The biting force was reported to be 70-150 N on a single tooth and 190-260 N on all-contacting teeth (Anderson, 1956; Gibbs et al., 1981) . For bread, the maximum bite force between the first molars during the first chew was reported to be 74.8 and 74.5 N (Kohyama et al., 2001; Takahashi et al., 2009) . The sheet sensor also provides information on the contact area between the teeth and the food material (Kohyama et al., 2001) . For a white bread sample with 443.3 mm 2 cross-sectional area, the maximum contact area was 192 mm 2 during the first chew (Kohyama et al., 2001) .
For dynamic monitoring of mastication force during natural mastication, an intraoral bite force recorder was invented by placing Co-Cr alloy plates mounted with strain gauges at both the upper and lower jaws (Shimada et al., 2012) . The impulse bite force of biscuit and cracker was reported to be 10-25 N within the first five chews (Shimada et al., 2012) . Furthermore, mandibular movement during mastication was tracked using sirognathograph and kinesiograph (Xu et al., 2008; Tamura & Shiga, 2014) . The compression rates during chewing of solid foods are 800-1200 mm min À1 which are greater than the conditions of most mechanical tests (10-100 mm min À1 ; Brown, 1995) . Nevertheless, the level of deformation of bread under compressive chewing has rarely been reported.
Further development of mechanical tests should address several issues. Firstly, the understanding of real deformation experienced by bread structure during oral processing is not comprehensive, for example the strain and strain rate of compressive chewing and degree of other deformation modes. Moreover, measurements should not just be restrained within the first bite or first chew but should follow the whole mastication process. Secondly, more efforts should be devoted to the dynamic characterisation of deformation under medium to high strain with a proper strain rate, which better resembles the deformation experienced by bread during mastication. Thirdly, factors such as oral cavity temperature and saliva production can be taken into consideration by performing a test with controlled temperature and progressive addition of artificial saliva.
Implications of oral processing on bread structure design
The porous structure of breadcrumb gives it the soft texture that is preferred by consumers. Unfortunately, it is also the aerated structure that is responsible for the high glycaemic index (GI) of bread (Fardet et al., 2006) . Consumption of high GI food is associated with an increased risk of metabolic syndrome such as type 2 diabetes mellitus (Mishra & Monro, 2012) . Reformulation has been used as the main strategy to reduce bread GI (Burton et al., 2011) . Increasing evidence has demonstrated that food structure plays an equal, if not more important, role in nutrient digestion and absorption. A recent study showed that bread prepared using the same formulation but different processing methods (baking vs. steaming) elicited different glycaemic responses (Lau et al., 2015) . Further investigation revealed that this might be attributed to their distinctly different bread structures which lead to different levels of structure disintegration during oral processing (Gao et al., 2015) . The direct impact of oral processing on people's glycaemic response was also demonstrated in the studies of other cereal products, such as rice and pizza (Ranawana et al., 2010a,b; Zhu et al., 2014; Tamura et al., 2017) . As illustrated in Fig. 1 , the increased understanding of the significance of food structure on the mechanical strength, texture properties and breakdown kinetics during digestion of food highlights the possibility of designing bread with desired structural features tailored to lower their digestibility and glycaemic potential.
Designing food products for ageing population is another big challenge. Elderly population are suffering from the problem of impaired oral processing capability, which not only affects their ability of food intake but also decreases their pleasure of eating. Hence, the ease of chewing would be a primarily desired property of food products to satisfy the nutritional needs of the elderly. Maximising their masticatory pleasure would be a plus. To deliver such products, having more indepth knowledge of the dental status, chewing behaviour, perception and liking of the elderly is necessary. In the case of bread structure design, removing the thick and dry crust would reduce chewing effort and the amount of saliva required for safe swallowing (Gao et al., 2017b) . However, this might not meet the texture preference of the elderly. As suggested by a recent study on rye bread, older consumers (45-80 years old) preferred bread rich in whole-grain rye which was dense and chewy, as compared to the soft wheat bread liked by the younger consumers (18-44 years old; Sandvik et al., 2017) . In this case, the dilemma rests in the choice between the easiness of chewing and the pleasure of chewing. Luckily, both the deformation manner and the texture properties of bread are determined by the mechanical characteristics of the bread. The 'structural-mechanical behaviouroral processing' will be a systemic and effective approach to seek for a balanced solution. By tuning at the structural level, bread mechanical properties could be mapped with the comfortable chewing effort and preferred texture experience of the elderly.
Conclusions and prospects
Before strategies can be implemented to design bakery products for controlled oral processing and digestion, four grand challenges need to be overcome. Firstly, being similar to a foam, breadcrumb structure is difficult to control precisely during its processing. Systemic research is required to establish the corresponding relationship between the processing conditions and the resulting structural features. In situ monitoring of the 3D structure formation during various processing steps is indispensable. Secondly, mechanical behaviour of bakery products needs to be characterised using deformation tests that resemble oral processing conditions. Such mechanical analyses are still lacking. Thirdly, the micromechanical model needed to be developed for the large deformation regime. In this case, knowledge obtained in the field of material science based on synthetic foam could be transferred. Lastly, current structural analyses of bakery products are limited to static methods which provide little information on the products' transformation during oral processing. More attention should be given to the application of dynamic imaging techniques to follow the evolution of bread structure during mastication. A feasible way of doing this might be imaging the bolus structure at different stages of mastication. Also, the hydration mechanism of bread porous structure and its impact on bread mechanical properties need to be taken into consideration in developing advanced instrumental analysis and simulation studies.
One step further, as the dynamic changes of food structure are inaccessible during most stages of digestion, developing in vitro digestion apparatuses with emphasis on accurate simulation of mechanical forces exerted during oral and gastric phases is required. For future design of bread structure, at least three components need to be taken into consideration: (i) material properties of the solid phase (chemical composition, mechanical strength, etc.), (ii) porosity of bread, and (iii) cell morphology. They are interplayed to determine the mechanical strength and texture properties of bread. Figure 1 Interplay between bread processing, structure, mechanical properties and its effect on digestion.
